A new methodology has been developed to amplify RNA from minute amounts of starting material. Specifically, an efficient means of second-strand (ss) cDNA synthesis using a sequence-specific 'terminal continuation' (TC) method is demonstrated. An RNA synthesis promoter is attached to the 3 0 and/or 5 0 region of cDNA utilizing the TC mechanism. The orientation of amplified RNAs is 'antisense' or a novel 'sense' orientation. TC RNA amplification is utilized for many downstream applications including gene expression profiling, cDNA microarray analysis, and cDNA library/subtraction library construction. Synthesized sense TC-amplified RNA can also be used as a template for in vitro protein translations and downstream proteomic applications. The TC RNA amplification methodology offers high sensitivity, flexibility, and throughput capabilities. A likely mechanism is that the TC primer binds preferentially to GC-rich CpG islands flanking 5 0 regions of DNA that contain promoter sequences. Following TC RNA amplification, a large proportion of genes can be assessed quantitatively as evidenced by bioanalysis and cDNA microarray analysis in mouse and human postmortem brain tissues.
Contemporary gene expression profiling is performed using cDNA array technology. [1] [2] [3] [4] [5] An array platform allows investigation of multiple genes (eg, hundreds to thousands) simultaneously. However, fairly large tissue quantities are needed for RNA extraction. Unfortunately, sources of tissues may be limited and a heterogeneous cell population may be analyzed. Single-cell and/or population-cell analysis is highly desirable, especially as it relates to the pathophysiology of disease and pharmacogenomic drug discovery. [6] [7] [8] Amplified antisense RNA (aRNA) synthesis amplifies genetic signals from limited amounts of fresh, frozen, or fixed tissues and cells. [9] [10] [11] [12] aRNA is effective, yet can be a relatively difficult protocol to perform. The principal obstacle for increasing efficiency is the problematic secondstrand (ss) cDNA synthesis. This impediment is not specific to the aRNA protocol. Rather, this issue is endemic to all current RNA amplification methods. Two procedures utilized for ss cDNA synthesis include self-priming and replacement synthesis.
Self-priming uses a hairpin at the 3 0 end of firststrand (fs) cDNA to self-prime ss cDNA synthesis. However, the loop formed at the end must be removed using S1 nuclease digestion in a poorly controlled reaction and invariably leads to the loss of the 5 0 signal. 13 Replacement synthesis employs multiple enzymes to synthesize ss cDNA including RNase H, DNA polymerase I, and T4 DNA ligase. 14, 15 Replacement synthesis suffers from low efficiency, likely caused by the multiple enzymatic steps involved.
Current methods of RNA amplification attach a bacteriophage transcriptional promoter sequence (eg, T7, T3, SP6) to the 3 0 end of fs cDNA, resulting in transcripts with antisense orientation. Key factors to improving RNA amplification include increasing the efficiency of ss cDNA synthesis and allowing for flexibility in the placement of bacteriophage transcriptional promoter sequences.
A new experimental procedure is described that utilizes a method of terminal continuation (TC) to attach an oligonucleotide primer of known sequence to the 3 0 region of fs cDNA. Therefore, ss cDNA synthesis can be initiated by annealing a second oligonucleotide primer complementary to the attached oligonucleotide. By providing a known sequence at the 3 0 region of fs cDNA and a primer complementary to it, hairpin loops will not form, avoiding use of the destructive S1 nuclease digestion step. ss cDNA synthesis can be performed with robust DNA polymerases, such as Taq, and the TC reaction is highly efficient. One round of amplification is sufficient for downstream genetic analyses. Furthermore, TC RNA transcription can be driven using a promoter sequence attached to either the 3 0 or 5 0 oligonucleotide primers, therefore transcript orientation can be 'antisense' or 'sense' (or both if using two separate promoter sequences), depending upon the design of the experimental paradigm.
Amplification of genetic signals includes synthesizing fs cDNA complementary to the RNA template, subsequently generating ss cDNA complementary to the fs cDNA, and finally in vitro RNA transcription using the double-stranded (ds) cDNA as template. Synthesis of the fs cDNA complementary to template mRNA entails the use of two oligonucleotide primers, a poly-d(T) primer and a TC primer. The poly-d(T) primer is similar to conventional primers that exploit the poly-A þ sequence present on most mRNAs ( Table 1 ). The TC primer consists of an oligonucleotide sequence at the 5 0 terminus and a short span of three cytidine triphosphates (CTPs) at the 3 0 terminus (Table 1) . For antisense RNA amplification (similar to conventional aRNA methods), the bacteriophage promoter sequence is placed on the poly-d(T) primer. For the novel sense orientation, the promoter sequence is attached to the TC primer ( Figure 1a ).
Materials and methods

RNA Preparation
RNAs, either total or mRNAs, are extracted from tissues, single cells, or bodily fluids from C57BL/6 mice and postmortem human brains as described in detail elsewhere. 4, 10, 11 Tissue accession and accrual procedures are in accordance with IRB and IACUC standards at the Nathan Kline Institute and NYU School of Medicine. The TC RNA amplification method is especially useful when employed in conjunction with single-cell (or population-cell) laser capture microdissection (LCM) or microaspiration. 4, 8, 16 For optimal extraction from fixed tissues (eg, formaldehyde or ethanol-based fixatives), single cells or populations are incubated in 250 ml of Proteinase K solution (Ambion, 50 mg/ml) for 12 hours at 371C prior to extraction. RNA can be extracted using conventional organic methods (eg, Trizol reagent, Invitrogen) or semiautomated magnetic mRNA extraction methods (eg, KingFisher, ThermoLabsystems). 17 
RNA Amplification
Extracted RNAs are obtained from single cells/ populations using microaspiration or LCM techniques. 4, 8, 16 In addition to the microaspirated samples, a 1:20 Â dilution series (sampling at 1:1, 1:20, 1:400, 1:8000, 1:160 000, and 1:3 200 000) of RNA extracted from mouse hippocampus was performed to assess signal recovery using the same TC RNA amplification procedures. Extracted RNAs are reverse transcribed in the presence of the poly-d(T) primer (10 ng/ml) and TC primer (10 ng/ml) in 1 Â fs buffer (Invitrogen) 1 mM dNTPs, 5 mM DTT, 20 U of RNase inhibitor (Ambion) and 5 U reverse transcriptase (Superscript III; Invitrogen) in a final volume of 20 ml. Synthesized single-stranded cDNAs are converted into ds cDNAs by adding into the reverse transcription reaction the following: 10 mM Tris (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , and 0.5 U Rnase H (Invitrogen) in a total volume of 99 ml. Samples are placed in a thermal cycler and ss synthesis proceeds as follows: Rnase H digestion step 371C, 10 min.; denaturation step 951C, 3 min., annealing step 501C, 3 min.; elongation step 751C, 30 min. 5 U (in one microliter) Taq polymerase (PE Biosystems) is added to the reaction at the initiation of the denaturation step (ie, hot start). Phenol:chloroform extracted and ethanol precipitated cDNAs are resuspended and drop dialyzed on 0.025 mm filter membranes (Millipore) against 50 ml of RNase-free H 2 O for 2 h. The sample is collected off the dialysis membrane and hybridization probes are synthesized by in vitro transcription using radiolabel, fluorescent, or biotin incorporation. For example, radiolabeling with 33 P occurs in the following solution: 40 mM Tris (pH 7.5), 7 mM MgCl 2 , 10 mM NaCl, 2 mM spermidine, 5 mM of DTT, 0.5 mM of ATP, GTP, and CTP, 10 mM of cold UTP, 20 U of RNase inhibitor, and 40 mCi of 33 P-UTP (Amersham Biosciences). The reaction is performed at 371C for 4 h. Synthesized radioisotopelabeled RNA probes are added into the prehybridization solution directly without further purification.
cDNA Array Analysis
Labeled probes can be used for a variety of downstream applications including expression profiling in combination with a myriad of cDNA array platforms. We typically utilize single-cell microdissection in conjunction with TC RNA amplification to hybridize to custom-designed cDNA arrays consisting of 220-480 cDNAs and expressed sequencetagged cDNAs (ESTs) for the analysis of neurodegeneration-related paradigms in mouse brain and human postmortem brain tissues. 4, [8] [9] [10] [11] 16, 18 Specifically, 1 mg of linearized cDNA purified from plasmid preparations is adhered to arrays using high-density nitrocellulose (Amersham Biosciences). Each cDNA/EST on the custom-deigned cDNA arrays is verified by restriction digestion and sequence analysis. Mouse, rat, and human clones are employed successfully on the arrays. Arrays are prehybridized (4 h) and hybridized (12-24 h) in a solution consisting of 6 Â SSPE, 5 Â Denhardt's solution, 50% formamide, 0.1% sodium dodecyl sulfate (SDS), and denatured salmon sperm DNA (200 mg/ml) at 421C in a rotisserie oven. 4, [8] [9] [10] [11] 16, 18 Following hybridization, arrays are washed sequentially with 2 Â SSC/0.1% SDS, 1 Â SSC/0.1% SDS, and 0.5 Â SSC/0.1% SDS for 20 min each at 421C. TC hybridization signal intensity is detected by phosphor imaging. Specific signal intensity (minus background using the empty vector pBs) of TCamplified RNA bound to each linearized cDNA is expressed as a ratio of the total hybridization signal intensity of the array, thereby minimizing variations due to differences in the specific activity of the probe and the absolute quantity of probe present. 8, 10, 16, 18 Data analyzed in this manner do not allow the absolute quantitation of mRNA levels, but generate an expression profile of the relative changes in mRNA levels. 2, 4, [9] [10] [11] [12] 18 Relative changes in individual mRNAs are analyzed using an ANOVA with post hoc analysis (Newmann-Keuls test) for individual comparisons. 4, 10, 11 Expression levels are analyzed and clustered using a bioinformatics and graphics software package (GeneLinker Gold, Predictive Patterns Inc.). Differentially expressed genes are also clustered into functional protein categories for multivariate coordinate gene expression analysis.
Results and discussion
To evaluate the ability of the TC method to amplify RNA species, yield and size distribution profiles are estimated by bioanalysis (2100 Bioanalyzer and RNA 6000 Lab Chip, Agilent Technologies). This bioanalysis assay utilizes a capillary device and a sensitive fluorescent RNA dye for electrophoretic separation and detection of RNA profiles. Bioanalysis is more sensitive than denaturing gel electrophoresis or spectrophotometric analysis of minute quantities (eg, picogram to nanogram) of RNA species. However, variability in detection of extremely small quantities of RNA species does exist (see the Bioanalyzer 2100 website specifications at www.chem.agilent.com). Using a purified control poly-A þ (Invitrogen), highly reproducible, robust linear amplification is demonstrated (Figure 1c ). Concordance analysis (n ¼ 6; control poly-A þ as starting template; series run twice in triplicate) is r 2 ¼ 0.97. Amplification efficiency (as estimated using bioanalysis) of approximately 2500-3000-fold is demonstrated with the control poly-A þ mRNA and approximately 1000-1500-fold is demonstrated using biological samples of RNA extracted from a variety of brain sources including post mortem hippocampus and basal forebrain (Figure 2a) . The efficiency of RNA amplification appears independent of the method of RNA extraction, as both conventional organic extraction and magnetic bead extraction both yield high-quality transcripts for TC RNA amplification (Figure 2b) . A dendrogram is presented for gene expression level data acquired using three independent samples of individual CA1 pyramidal neurons (Figure 3a) . Results indicate a high degree of expression level similarity for high, moderate, and low expressed genes using the TC RNA amplification method (Figure 3a ). Scatter plots demonstrate a linear relationship between the TC RNA input concentration and mean hybridization signal intensity as well as for individual clones (Figure 3b ). These observations are strikingly similar to linearity data obtained using an aRNA amplification methodology. 10 Furthermore, a serial dilution experiment using RNA extracted from mouse hippocampus illustrates high fidelity and recovery of the TC RNA amplification reaction, as the mean hybridization signal intensity was preserved across four out of five 20-fold serial dilutions before the TC RNA amplification reaction reached the limit of detection on the array platform (Figure 3c ). Recovery of signal obtained from serial dilutions was also successful using individual cDNAs including CAM-KII and CREB (data not shown). A caveat of the dilution experiment is that serially titrating down RNA extracted from a region enriched with RNA does not necessarily approximate the experimental conditions of extracting RNAs from minute tissue sources such as microaspirating a single cell or population of identified cells from fixed and/or frozen tissues.
TC RNA amplification produces robust and reproducible hybridization signal intensity after one round of amplification. The threshold of detection of genes with low hybridization signal intensity is also greatly increased. For example, several genes that are at the limit of detection using conventional aRNA can be readily observed with the TC method (Figure 4a ). An approximate 3.5-4-fold increase in total, normalized hybridization signal intensity is observed on custom-designed cDNA arrays (Figure 4b) . Importantly, the increased sensitivity appears greatest for genes with relatively low abundance (Figure 4a ). Moreover, background hybridization (ie, hybridization to empty vector) is significantly greater using aRNA than the TC RNA amplification. Additionally, we observed that 'hot start' ss synthesis significantly reduced background. No overall quantitative differences have been detected in total hybridization signal intensity between 3 0 (antisense orientation) and 5 0 (sense orientation) TC RNA amplification reactions ( Figure  4b) . However, individual genes have been identified that are expressed differentially. For example, the neurofilament genes NF-M and NF-H display a relative increase in the 3 0 TC amplification protocol as compared to the 5 0 TC RNA amplification protocol using single neurofilament-immunoreactive CA1 pyramidal neurons from normal human hippocampus (Table 2 ). In contrast, the nicotinic acetylcholine receptor subunits nAchr a1 (CHRNa4) and nAchr a7 (CHRNa7) display a relative increase in the 5 0 TC amplification vs the 3 0 TC RNA amplification. Therefore, hybridization signal intensity of individual genes and/or cDNAs can vary between the 3 0 and 5 0 TC RNA amplification, yet total populations of mRNAs have similar expression levels, indicating relatively equivalent signal detection efficiency for TC RNA antisense and sense amplification.
A mechanism for the TC primer to anneal preferentially to 5 0 regions of transcripts is being investigated. Based upon sequence analysis of TC RNA-amplified products from human and mouse brains, we hypothesize that the TC primer, with its span of CTPs (guanosine triphosphates (GTPs) work as well; data not shown) anneals preferentially within CpG islands. CpG islands are nonmethylated GC-rich regions of the genome that tend to include the 5 0 end of genes and are found at a significantly less frequency (CpGs are 25% less frequent than predicted) throughout the rest of the genome. 19, 20 Estimates suggest that above 60% of all human genes are located near CpG islands. 19, 20 It is apparent that the TC primer has to base pair with the complementary CTPs or GTPs at the termination site of the reverse transcription reaction in order to provide a short template for DNA synthesis to continue. The reverse transcriptase reaction has been reported to add a few dCTPs nonspecifically at the end of mRNA template. 21, 22 Essential structural requirements of the TC primer include a short stretch of CTPs or GTPs at the 3 0 end. Replacement of the CTPs/GTPs with adenosine triphosphates (ATPs) or thymidine triphosphates (TTPs) vastly diminishes the TC reaction. 8 In addition, random base pairing of ATPs and TTPs with complementary T's and A's in mRNAs may interrupt a proper reverse transcription process that is essential for generation of the fs cDNA.
The development of techniques such as LCM 23, 24 and single-cell microaspiration 4, [9] [10] [11] 16, 18 enables accession of minute amounts of starting materials. However, an RNA amplification procedure is requisite to generate significant hybridization signal intensity for cDNA microarray platforms. PCR is not suitable for this application because exponential amplification cannot preserve optimally the quantitative relationships between the expressed genes, 5, 25 a parameter critical for expression profiling. Hybrid protocols using PCR-based technology combined with aRNA have yielded positive results. 26 The TC RNA amplification method is a protocol that meets both requirements of amplifying genetic signals and preserving the quantitative relationships between Table 2 Gene expression analysis of individual, neurofilament-immunoreactive CA1 pyramidal neurons (n ¼ 25) from adult human brains (n ¼ 5 brains; 5 CA1 neurons apiece) using 3 0 and 5 0 TC RNA amplification combined with custom-designed cDNA arrays (230 cDNAs) (a) Classes of transcripts that do not vary between 3 0 and 5 0 TC RNA amplification procedures Acetylcholine receptors/synthesis (n ¼ 14), Alzheimer's disease associated genes (n ¼ 16), catecholamine synthesis/transporters (n ¼ 10), cell death/transcriptional activators (n ¼ 15), cytoskeletal elements (n ¼ 20), dopamine receptors/synthesis (n ¼ 8), GABA receptors/ synthesis (n ¼ 15), glial-enriched proteins (n ¼ 7), glutamate receptors/interacting proteins (n ¼ 24), protein phosphatases/kinases (n ¼ 21), neuropeptides (n ¼ 15), neurotrophins/neurotrophin receptors (n ¼ 12), synaptic/vesicular proteins (n ¼ 16), potassium/sodium channels (n ¼ 14), and others (n ¼ 6) (b) cDNAs that have a significantly higher hybridization signal intensity (asterisk denotes Po0.05; double asterisk denotes Po0.01) following 3 0 TC RNA amplification vs 5 0 TC RNA amplification (n ¼ 7) include: neurofilament subunits (NF-M, NF-H)*, AMPA receptor (GluR3)*, kainate receptor (KA2)*, potassium channel (Kv 1.2)**, fos B**, and nestin** (c) cDNAs that have a significantly higher hybridization signal intensity following 5 0 TC RNA amplification vs 3 0 TC RNA amplification (n ¼ 6) include: CAM kinase (aCAMKII)*, dopamine receptor (D2)*, GABA receptor subunits (GABA Aa1, GABA Ag3)**, nicotinic acetylcholine receptor subunits (nAch ra1, and nAch ra7)** Figure 4 Comparison of TC RNA amplification hybridization signal intensity with conventional RNA amplification. The left panel illustrates a comparison of two adjacent regions from the same hippocampal tissue section amplified by TC RNA amplification (top panel) and by conventional RNA amplification (bottom panel). The relative hybridization signal intensity of several low, moderate, and higher expressing genes is depicted. All steps in the procedures are performed identically, including hybridization time, identical washing regimens, and source of the custom-designed arrays. Significant increases in gene expression levels are detected (* denotes Po0.05 and **denotes Po0.01) for b-actin (b-act*), b-tubulin (b-tub*), neurofilament subunits (NF-L*, NF-M**, and NF-H**), 4-repeat tau (tau44*), nestin (nest*), utrophin (utro**), AMPA glutamate receptors (GluR1*, GluR3*), and kainite receptors (GluR5**, GluR6**, and GluR7**). Other clones represented on the arrays include: g-actin (g-act), a-tubulin (a-tub), microtubule-associated proteins 2 and 5 (MAP2 and MAP5), largest isoform tau and three-repeat tau (tau40 and tau43), internexin (INX), AMPA glutamate receptors (GluR2 and GluR4), and kainate receptors (KA1 and KA2). The right panel depicts a histogram illustrating mean hybridization signal intensity for custom-designed cDNA arrays (containing 230 cDNAs/ESTs) using 5 0 TC RNA amplification (sense orientation), 3 0 TC RNA amplification (antisense orientation), and aRNA amplification from the same hippocampal tissue sections. A total of 12 reactions from three brains (four RNA amplification reactions per brain) are performed for each method and reported as normalized hybridization signal intensity7s.e.m. A 3.5-4-fold increase in signal intensity is observed for both 5 0 and 3 0 TC RNA amplification methods (see Table 2 for further details).
expressed genes. Compared to conventional RNA amplification methodologies, the TC method is more robust (approximately 3.5-4-fold stronger signal intensity) with less background hybridization and significantly less laborious (the procedure takes approximately 2 days to complete). Bioanalysis is used as an analytical technique to estimate quantity and relative distribution of RNA species amplified by the TC method. Although its use has been validated for larger amounts of input RNAs that undergo subsequent amplification, single-cell RNA amplification approaches the limit of sensitivity of the assay. 2, 4, 27 Other analytical methods such as denaturing gel electrophoresis, spectrophotometry, and fluorimetric analysis are either less sensitive, or approach limits of sensitivity as well.
The present series of results are primarily from brain tissues accrued from post mortem human samples and animal models of neurodegeneration. The brain is an obvious site for single-cell RNA exploratory studies, due to the plethora of cell types and intricate connectivity of regions. The TC RNA amplification methodology, however, has much broader applications. Virtually, any in vivo or in vitro paradigm can be employed for TC RNA amplification. Disciplines that will benefit from this technology include, but are not restricted to, cancer biology, development, drug discovery, and a myriad applications where input sources of RNA are limited and/or cell-type specific. Current tissue sources include human, monkey, rat, and mouse tissues, and other sources are being investigated. The requirement appears to be polyadenylation on the 3 0 end (identical to conventional RNA amplification), and a stretch of C's or G's at the 5 0 region (either through CpG islands or other structures).
In summary, TC RNA amplification provides a novel technical advance to amplify minute amounts of mRNAs for subsequent microarray or proteomic-based analyses. Conceivably, the downstream applications of synthesized RNA are expanded, and the direction of RNA can be chosen according to the need of the end-user. Thus, the TC RNA amplification methodology provides high fidelity, linear RNA amplification that may become an essential, relatively straightforward laboratory technique to amplify antisense or sense RNA transcripts.
